I t has been determined that the hypertensive state is caused, in most cases, by an increased peripheral resistance that can be the consequence of either greater reactivity to vasoactive agents or hyperplasia of the modified vessel. 1 Genetically selected hypertension-prone rat strains have been used to study these two alternatives. For example, the spontaneously hypertensive rats (SHR) have greater vasoreactivity than their normotensive Wistar-Kyoto (WKY) counterpart in isolated vessels studies. 2 SHR also have a greater number of angiotensin II (Ang II) binding sites in mesenteric arteries 3 and kidney and brush border membranes 4 in the prehypertensive stage (4 weeks old) when compared with the agematched normotensive WKY rats. That these differences are expressed before the rat becomes hypertensive 34 suggests that the increased vasoreactivity might have a role in the actual development of the disorder.
Phospholipase C (PLC) activation has been shown to be an imperative step in the cascade pathway induced by occupied Ang II and other vasoconstrictor receptors. 56 This enzyme catalyzes the hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP 2 ) into diacylglycerol (DAG) and the calcium-mobilizing agent inositol 1,4,5 trisphosphate (IP 3 ). The correlation between the calcium-mobilizing activity and vasoconstrictor potency is widely accepted for a number of vasoactive agents. lar smooth muscle (VSM) cells. 910 A biphasic DAG formation and a transient IP 3 peak at 15 seconds exposure were observed. A transient increase in cytosolic Ca 2+ follows the IP 3 generation. 11 Addition of the nonhydrolyzable guanosine-5'-O-(3-thiotriphosphate) (GTP-y-S) analogue to saponin-permeabilized VSM monolayers also resulted in inositol polyphosphate release. 10 These and synergism studies between GTP-y-S and Ang II demonstrated that the Ang H-induced PLC activation is coupled to a GTP-binding protein. 10 The occupied Ang II receptor also elicits activation of Na + -H + exchange in cultured VSM cells from SD rats. 12 -14 Cultured VSM cells from SHR, when compared with WKY cells, exhibited hyperresponsiveness to Ang II receptors as determined by stimulation of Na + -H + exchange and increased growth. 13 Both findings are agreement with the in vivo increased vasoreactivity of the SHR genetic strain.
Bianchi and Barlassina 15 have selected another hypertensive rat, the Milan hypertensive strain (MHS), that shows renal functional abnormalities and low plasma renin levels when compared with its normotensive counterpart (MNS), suggesting a volume-expansion rather than a vasoconstriction form of hypertension. Kidney transplant from MHS into MNS gives rise to hypertension. These observations have suggested that a renal tubular defect plays an important role in the development of hypertension in this genetic model. 16 Cultured VSM cells prepared from MHS exhibited higher growth rates than MNS cells associated with higher sodium-potassium-chloride cotransport activity. 17 The present study was designed to study the functional properties of Ang II binding sites in VSM cells in the MHS, a model of low renin hypertension. Here, for the first time, the characterization of the Ang II receptors and their response by MNS and MHS cultured aortic VSM cells is reported. Our results indicate that MHS vascular smooth muscle cells exhibit increased growth and a similar number of Ang II binding sites compared with MNS, SHR, and WKY cells. However, in MHS cells, Ang II did not stimulate significantly PLC, Na + -H + exchange activity, or cytosolic Ca 2+ mobilization as observed in the normotensive strain. These data indicate that the Ang II receptor response is blunted in this model of low renin hypertension during increased growth rate.
Methods

Cell Culture
VSM cells were prepared from thoracic aortas of eight MNS (120.6±2.5 mm Hg) and eight MHS (196.6±1.3 mmHg) rats (12 weeks old) and as described earlier. 18 Cell monolayers (75 cm 2 flasks) were grown in Dulbecco's minimum Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, 100 mg/ml streptomyocin, and 100 units/ml penicillin. Cells were harvested using trypsin-ethylenediaminetetraacetic acid (EDTA) (0.02% trypsin, 0.02% EDTA) and seeded at 3X10 3 cells/dish twice a week. The dishes were observed microscopically to determine confluency. All experiments were performed at confluency between passages 3 and 12.
Angiotensin II Receptor Assay
Iodine-125-labeled Ang II binding to VSM cells was assayed after a modification of an earlier reported protocol. 19 Briefly, VSM monolayers (96-well plates) prepared from both strains were incubated with tracer amounts of [ 125 I]Ang II (20 pM) and varying concentrations (2-4 wells at each concentration) of unlabeled ligand (10~1 0 to 10" 6 M) for 90 minutes at 22° C (250 ^1 final volume). Unbound ligand was aspirated, the VSM monolayer was washed three times with cold saline, and the bound radioactivity was determined by separating the individual wells and placing them in a gamma counter. Binding data were analyzed and receptor affinity and number were calculated by LIGAND, a curve-fitting program designed for ligand binding analysis. 20 In all cases, binding data were best characterized by a one-site model, indicating a single affinity state for the receptor.
In addition to assessing receptor binding after 90 minutes of equilibration, we also measured binding after 30 minutes in an experiment designed to estimate surface-bound versus internalized Ang II. Milan normotensive and hypertensive VSM cells in miniwells were incubated (as described above) with 4xlO~" M [ 125 I]Ang II for 30 minutes. Half the wells were then washed three times with ice-cold saline and then counted to define "total binding." An equal number of wells were incubated in an acid buffer (50 mM glycine, 150 mM NaCl, pH 3.5) for 5 minutes at 4° C. The buffer was aspirated, the cells were washed with cold saline solution, and the wells were counted to define acidresistant or "internalized" ligand as previously described.
21
-22 "Cell surface binding" was calculated as "total binding" minus "internalized"; the data were expressed as percent of the [ 125 I]Ang II originally added and were normalized per 10 5 cells for both strains. Nonspecific binding was determined for both control and acid-washed cells (defined as binding in the presence of 1 x 10" 6 M Ang II) and was always less than 5% of total binding. Data from these experiments have been corrected for nonspecific binding.
Angiotensin II-Induced Phospholipase C Activity
The time course of Ang II action on inositol phosphate release was first studied by measuring the mass production of IP 3 and inositol bisphosphate (IP 2 ) as previously described. 23 In these experiments, we confirmed previous observations that Ang II effect peaked at 15 seconds. In subsequent experiments, VSM monolayers were grown in 35 mm dishes and labeled by adding 30 ^tCi/ml [ 3 H]myoinositol for 24-48 hours as previously described.
910 Excess isotope was washed away with buffer containing 130 mM NaCl, 5 mM KC1, 1.5 mM CaCl 2 , 1.0 mM MgCl 2 , 20 mM HEPES-Tris pH 7.4 (Tris-buffered saline [TBS]). After 10 minutes at 37° C, the buffer was aspirated and replaced with 1 ml fresh TBS containing Ang II (10~7 M). The reactions were terminated after 15 seconds with 400 fi\ 50% trichloroacetic acid (TCA). To isolate inositol phosphates, the TCAsoluble material was then extracted three times with 8 ml diethylether under nitrogen stream. The samples were resolved into inositol monophosphate (IP), IP 2 , and IP 3 by the method of Downes and Michel. 24 Briefly, the samples were neutralized to pH 7-7.5, made up 5 mM Na 2 B 4 O 7 , and loaded into 1 ml Dowex AG1X8 columns. The unbound material was eluted with 5 ml water. The inositol phosphates were then eluted with 10 ml of 5 mM Na 2 B 4 O 7 , 180 mM NH, COOH (IP); 0.4 M NH,COOH, 0.1 M HCOOH (IP 2 ), and 1 M NH4COOH, 0.1 M HCOOH (IP 3 ). The inositol phosphate levels in each fraction were determined by liquid scintillation spectroscopy.
To study the coupling of guanine nucleotide (GTP)-binding proteins to PLC, tritium-labeled VSM cells were permeabilized with saponin, 10 and phosphoinositol release determined in the absence and presence of a GTP analogue. In brief, [ 3 H]myoinositol-labeled VSM monolayers (35 mm) were washed with TBS. The cells were then permeabilized by incubating them with saponin (30 /n.g/ml) in a cytosolic-like buffer (25 mM NaCl, 120 mM KC1, 1 mM MgCl 2 ), containing 5 p-M adenosine triphosphate (ATP), 15 mM 7V-(2-hydroxyethyl)piperazinejV'-2-ethanesulfonic acid (HEPES), pH 7.2, and 13 mM LiCl to inhibit the breakdown of IP. After 10 minutes at 37° C, the buffer was replaced with 1 ml fresh saponin buffer with or without 300 pM GTP--y-S. The reactions were terminated after 5 minutes with TCA, and the samples were treated as outlined above to isolate IP, IP 2 , and IP 3 .
Na + -H + Exchange Activity
The dimethylamiloride (DMA)-sensitive ^Na" 1 " influx was measured into acid-loaded cells (pH, 6.8) as previously described. 12 VSM monolayers (35 mm) were washed three times with Na + -free (sodium replaced with choline) TBS, pH 7.0, at 37° C. The monolayers were then incubated for 25 minutes with the same buffer but also containing 10 mM glucose and 1 mg/ml bovine serum albumin (BSA). For an additional 5 minutes, ouabain (1 mM) and bumetanide (0.1 mM) were also added. The buffer was aspirated and Na + influx was initiated by a 2-minute incubation in a solution containing (mM): NaCl 100, KC15, MgCl 2 1, CaCl 2 2.0, ouabain 1, bumetanide 0.1, 1 /aCi/ml a Na, and HEPES-Tris 20, pH 7.4, with or without 20 pM DMA. Cell ^Na counts per minute were determined in a gamma counter after six washes with chilled 0.1 M MgCl 2 solution. The monolayers were extracted with 0.1% sodium dodecyl sulfate (SDS), and aliquots were used for either protein determination 25 or for radioactive counting in a gamma counter.
Cytosolic Ca 2+ Levels
Ionized cytosolic Ca 2+ was measured in VSM cells in suspension with the Ca 2+ -sensitive fluorescent dye fura-2 as described by Nabel et al. 26 Fluorescence measurements were carried out in a Perkin-Elmer spectrofluorometer (Perkin-Elmer Corp., Norwalk, Connecticut) equipped with a stirrer and temperature controlled at 37° C. The fluorescence intensity ratio was calculated from recordings at 340 and 380 nm (excitation) and 505 nm (emission) after subtracting the background fluorescence observed in the absence of fura-2 in the cells. Cytosolic Ca 2+ was calculated as previously described. 27 
Data Analysis
The calculated values from both strains were examined for statistical significance either with nonparametric 
Results
Milan Hypertensive Vascular Smooth Muscle Cells Exhibit Increased Growth Rate
To determine growth rates, VSM cells from MHS and MNS rats were first made quiescent by culturing them for 72 hours in DMEM with 0.3% FBS; the medium was then changed to DMEM with 10% FBS for 4 additional days, and the cell number determined after trypsinization. As previously reported, 17 VSM of the hypertensive strain grew faster than the normotensive strain. The population doubling time of serum-grown VSM cells was 24.5 ±2.1 hours for MHS and 34.8±2.1 hours for MNS (n=4). VSM cells from MNS rats tended toward slow growth, enlarged size, and became polyploid. Total growth arrest was avoided by splitting the culture before it reached 50-60% confluency. Because of these differences in cell growth, it was difficult to obtain simultaneous data in exactly comparable passages, but the differences in passage number between strain at a given experiment were never more than two. Furthermore, to circumvent this problem, cells from both strains were characterized between consecutive passages 3 to 12. Because the interstrain differences persisted (10" 10 to 10~6 M) for 90 minutes at 22° C. After removal of the media and cell washing, radioactivity associated with the monolayer was evaluated as bound counts. Binding data are presented after substraction of nonspecific binding. None of the values was statistically significant. through all passages, the average values of a given parameter are presented below.
Vascular Smooth Muscle Cells From Milan Rats Have Similar Number of Angiotensin II Receptors
To assess whether differences in Ang II binding capacity exist between cultured smooth muscle cells from MNS versus MHS, their surface density of Ang II receptors was measured. Binding data from five experiments are displayed in Table 1 and from a single experiment in Figure 1 . Although MHS rats showed a slightly greater receptor number than MNS rats, there were no significant interstrain differences in either receptor number (expressed in fmol/mg protein) or affinity in five experiments (Table 1 ). In addition to relating Ang II binding capacity to cell protein, cell number was used to normalize the binding data to obtain the receptor density per cell that may reflect better the ratio of surface membrane between both cell types. Because of the different growth rates already reported, we determined the relation between protein content (r=mg protein/ 5 cells), but the proportion of that total binding that was not displaced by acid-washing ("internalized") was similar in the two strains (MHS 53%, MNS 62%).
Angiotensin II Does Not Stimulate Phospholipase C Activity in Smooth Muscle Cells From Milan Hypertensive Rats
To determine the functional integrity of the Ang II receptors, the stimulation of the phosphatidylinositol (Pl)-specific PLC activity was studied by measuring the release of IP 3 , IP 2 , and IP after incubation with Ang II in VSM cells of both strains as a function of time. In MNS cells, a rapid rise in IP 3) which reached a peak at 15 seconds, was observed (Table 2) as previously reported by Alexander et al 28 ; this was not the case in MHS cells, which did not show a significant increase in IP 3 at any time intervals. On the basis of these experiments, we further studied PLC activity after 15 seconds of incubation with Ang II. As shown in Figure 2 , Ang II-activated IP release was not significantly different from basal values in both cell types. The release of both IP 3 and IP 2 in the presence of Ang II was significantly lower in MHS than MNS cells. 
Angiotensin II Does Not Stimulate Na + -H + Exchange Activity in Milan Hypertensive Rat Cells
Another parameter used to estimate the functional activity of occupied Ang II receptors is the capacity of this agonist to stimulate Na + -H + exchange activity. We have previously shown that Ang II activates this transport system by modulating the K m for external Na + and increasing its turnover rate. 12 The basal transporter activity was estimated as DMA-sensitive ^Na* influx into acid-loaded cells in the absence (basal) and in the presence of Ang II. Ang II-stimulated (A Ang II-basal) Na + exchange was determined after a 2-minute incubation with 10~7 M Ang II and analyzed with paired / test ( 
Bypassing Angiotensin II Receptors Shows Integrity of Coupling Apparatus
In a previous study, 10 we showed that activation of PLC by Ang II in vascular smooth muscle appeared to be mediated by a pertussis toxininsensitive G protein. GTP--y-S stimulated inositol phosphate formation and Ang II-induced inositol phosphate formation was potentiated by a submaximal concentration of GTP-y-S. We therefore hypothesized that the reduced responses to Ang II in the hypertensive strain could be alternatively explained either by a defect distal to the receptor or by a more specific, Ang II receptor-G protein coupling defect. To discern between these alternatives, the Ang II receptor was bypassed studying the effect of GTP--y-S on inositol phosphate formation. A direct and irreversible G protein activation was obtained by incubating the saponin-permeabilized, [ 3 H]myoinositol-labeled cells with GTP--y-S (300 yM). Compared with intact cells, the basal labeling of IP 3 was twofold higher in the permeabilized cells and 10-fold higher for IP 2 . As shown in Table 5 , measurements of GTP--y-S-induced PLC activity in both MNS and MHS VSM cells gave comparable levels of this activity. This finding argues for a similar coupling system in both cell types.
Angiotensin II Does Not Mobilize Cytosolic Ca 2+ in Milan Hypertensive Rat Cells
We also examined the effect of Ang II on cytosolic Ca 2+ in VSM cells of both strains. Figure 4 summarizes measurements of the basal and the Ang II- 2+ that was not statistically significant. Discussion The present study was designed to characterize functional Ang II receptors in cultured VSM cells from the nonnotensive and hypertensive Milan rat strains, a genetic model of low renin hypertension. To assess whether differential characteristics between MHS and MNS rats were maintained in vascular cells, stimulation of PLC activity by the vasoconstrictor agonist Ang II was studied.
The data reported here show that there were no significant differences in the number and affinity of Ang II binding sites between both strains ( Figure 1 and Table 1 ). As in a previous report, 17 we found that VSM cells from MHS rats grow faster (24.5 hours population doubling time) than those from MSN rats (34.8 hours population doubling time). The ratio of protein content to cell number was also different for both strains because cells from the hypertensive strain appear to decrease their cell size. receptors in VSM cells from MHS rats than in those from MNS rats; however, the differences were not statistically significant because of the large dispersion of the data (Table 1) . Because Ang II binding measurements were performed at equilibrium and suggested differences in receptor number, the bound ligand-receptor complex functionality was evaluated by measuring the Ang II-induced PLC and Na + -H + exchange activities. VSM cells from MHS aorta had lower vasoconstrictor-induced PLC and Na + exchange activity than those of the normotensive strain (Tables 2 and 3 ). The lower Ang II-stimulated activities in the MHS VSM cells were observed through all the studied passages (passages 4 through 9), and they do not seem to be due to a defect in the coupling apparatus between the Ang II receptor and the enzyme. GTP-^S-induced IP 3 Values are expressed as mean±SEM, n=4. pHJMyoinositollabeled vascular smooth muscle monolayers were washed and permeabilized with saponin (30 jig/ml) in a cytosolic-like buffer. Cells were then exposed to 300 fiM GTP--y-S for 5 minutes. Trichloroacetic acid-soluble material was then resolved in inositol monophosphate (IP), inositol bisphosphate (IP2), and inositol trisphosphate (IP 3 (Table 6 ). An important finding is that serum-grown MHS cells exhibited higher basal cytosolic Ca 2+ levels than MNS cells but no differences in basal Na + -H + exchange activity (Table 4) as previously reported in SHR cells. 13 Thus, elevation of cytosolic Ca 2+ is not strongly associated with activation of this antiporter in cultured VSM cells from this hypertensive strain. However, VSM cells from MHS rats have elevated activity of sodium-potassium-chloride cotransport 13 as previously reported in red blood cells and kidney proximal tubular cells. 33 In contrast, studies performed in VSM cells from SHR and WKY rat strains ( 13 activities compatible with the increased vasoreactivity observed in this genetic model of hypertension. 1 In the case of the Milan rats, the faster growth of the hypertensive strain is associated with hyporesponsive Ang II receptors. In both genetic models of hypertension, functional Ang II receptors appear to be differentially regulated by cell growth. The Milan hypertensive strain develops a mild low renin type of hypertension early in life that does not progress with age and does not show increased vasoreactivity. 16 We hypothesize that in VSM cells from MHS rats, the Ang II receptors are most likely desensitized during increased growth. In contrast, in VSM cells from the SHR strain, which exhibit increased vasoreactivity, the responsiveness of the Ang II was increased during increased growth. 13 Basal and Ang IIstimulated levels of Na + -H + exchange were higher in SHR than in WKY cells. 13 In summary, the present study demonstrates that, in the Milan hypertensive strain, a genetic model of low renin hypertension, VSM cells exhibit increased growth but a decreased functional response to a vasoconstrictor such as Ang II.
